Space heating and hot water expenditures make up the majority of household energy demand in Germany, at 83.2%, making them an attractive target for energy policies. Using a panel dataset derived from yearly residential household surveys covering the years 1996 to 2014, we identify the determinants of heating expenditures for German households. We discover significant heterogeneity in expenditures depending on socioeconomic variables. For the full sample, we find a price elasticity of heating expenditures of 0.629. Elasticities vary significantly between individual groups, with values ranging from 0.523 to 0.716. Furthermore, a large number of technical and socio-demographic factors are significant in determining energy use. Our findings have implications for evaluating the effectiveness of policy measures that aim at influencing energy use across different groups of consumers.
Introduction
Space heating and hot water preparation remain two of the major components of total energy consumption in Germany. In 2013, 25 .6% of final energy use in Germany was consumed by private households (excluding transport). 83.2% of this usage was allotted to space heating (66.8%) and hot water (16.4%), which by far outweighs all other uses such as cooking, ICT, lighting, or cooling (BMWi, 2016) . These numbers highlight the significant impact space heating has on overall energy consumption and subsequently on residential greenhouse gas emissions. Understanding the determinants of residential energy consumption is therefore highly relevant for the design and evaluation of policy measures that aim at curbing energy use. This is especially true when considering the ambitious goals set by the German Federal Government. Germany has made a commitment to cut primary energy consumption by 20% until 2020 and by 50% until 2050, compared to the base year (BMWi, 2015 .
In this paper, we provide micro-econometric evidence on the heterogeneous factors that drive the demand for space heating of different socio-economic groups. We explore the heterogeneity between groups with a number of methods. Specifically, we use interaction terms, quantile regression, and mean clustering to derive our results. We find evidence for heterogeneity in price responsiveness for socio-economic factors such as income and age. On the other hand, technical variables such as building age and type do not lead to significantly different elasticities across groups.
There is a number of studies that focus on space heating using household level data. Schuler et al. (2000) model energy demand for space heating in (West) Germany; they analyze data from a household survey from 1988 containing around 44,000 observations. The authors find that building characteristics are an important factor in determining energy use, while socio-economic factors can only explain a small part of the energy use of households in the sample. Rehdanz (2007) uses data from the German Socio-Economic Panel (SOEP) to investigate space heating and hot water preparation expenditures for German households for the years 1998 and 2003. Across seven different specifications, the author reports a significant influence of a range of technical and socio-economic variables on households' expenditures for heating. Using the most recent edition of the same data source, we extend our analysis to the years from 1996 to 2014. This allows us to use panel methods and additionally evaluate the existence and magnitude of heterogeneity in price responsiveness between different groups.
Another relevant study that models heating expenditures, using panel data from Great Britain, is Meier and Rehdanz (2010) . Similarly to Rehdanz (2007) and our own study, the authors examine the influence of socio-economic and technical characteristics on the expenditures for space heating per room. However, they do not look into possible heterogeneity in price responsiveness between different groups. More recently, Lange et al. (2014) explore the relationship between environmental attitudes and heating expenditures in Great Britain. They find that while environmental behaviors and habits are associated with lower heating energy consumption, environmental attitudes and perceptions are not.
For the Netherlands, Brounen et al. (2012) exploit cross-sectional data from 2007 covering more than 300,000 owner-occupied dwellings. They consider both gas and electricity consumption regardless of end use. While they disregard price changes as a possible influence on energy consumption, the authors find most of the variables included to be statistically significant. Most notably, these include type, size and age of the dwelling as well as number of household members, occupants' age and income. Projecting their results into the future, they conclude that the increasing aging of the Dutch population alone could easily offset the savings of a possible home insulation program. This finding underlines the importance of socio-demographic factors in the analysis of energy demand.
The vast majority of studies estimating price and income elasticities in the context of consumer energy demand focuses on obtaining the mean elasticity, which is then assumed to be valid for all households. However, this ignores the possibility of significant heterogeneity between different groups of households that cannot be captured by estimating a mean effect for the entire population. For example, low income households might have significantly different price elasticities compared to more affluent ones due to several factors such as satiation for high income households or the lack of access to substitutes for low income consumers. Exploring the heterogeneity in energy demand by means of econometric modelling, which has not been done before, can help to better understand the underlying economic mechanisms that determine energy behavior and design more targeted energy-saving policies.
In space heating, heterogeneity in price elasticities between groups can manifest itself in a variety of ways. For instance, richer households might exhibit weaker reactions to price changes if they already reached their desired level of utility from thermal comfort. Then, consuming more energy for heating would not increase utility, even if prices were to fall (Galassi and Madlener, 2016) . Furthermore, split incentives between landlords and tenants might affect the heating behavior of the latter compared to homeowners. Given that the share of homeowners in Germany is only 52.6%, differences in heating behavior between owners and tenants are of particular interest. 1
In the context of space heating, our study is the first to investigate heterogeneity in price responsiveness by socio-demographic and socio-economic characteristics. However, there is a small number of papers aiming at explaining the existence and magnitude of heterogeneity in gasoline demand, utilizing a variety of methods. Wadud et al. (2010) explore heterogeneity in gasoline demand using household level panel data for the US. Using a random effects model with a translog specification, the authors discover heterogeneity by interacting both price and income with a number of demographic variables. The authors find that price elasticities decrease in magnitude with increasing income, meaning that wealthier households react less strongly to price changes. Furthermore, income elasticities are found to be lower for higher income households, possibly because households with higher income levels are already near satiation. Frondel et al. (2012) provide further evidence for heterogeneous reactions to price changes for private car travel in Germany. In attempting to explain heterogeneity in direct rebound effects, which can be explained through price elasticities, the authors employ quantile regression on a rich set of panel data. They find significant differences in price responses of drivers in different quantiles. Specifically, the price elasticity is lower in magnitude for households that drive more, whereas consumers who have very low demand for private car travel react more strongly to price changes. While the authors also interact fuel prices with different demographic variables, they do not find any of the interaction terms to be statistically significant, contradicting the findings from Wadud et al. (2010) . Gillingham (2014) and Gillingham et al. (2015) derive estimates for vehicle-miles-traveled (VMT) in private transport with respect to gasoline prices in the US. The authors explore heterogeneity in demand response by using quantile regression, splitting the sample into subgroups, interacting the gasoline price variable with demographic factors, and conducting k-means clustering. Both studies find significant heterogeneity between groups regarding their price and income elasticities.
Our research question is twofold. Firstly, we want to examine what determines household expenditures for space heating, with a focus on price and income elasticities. Our data set allows us to consider technical factors as well as social characteristics and attitudes in our analysis. Following from this, we investigate possible heterogeneity in price elasticities between different groups of consumers, which we identify by utilizing quantile regression, using interaction terms, and splitting the data into appropriate subsamples using k-means clustering. We use a long-running panel study for Germany, using annual data from 1996 to 2014 comprising more than 30,000 households in total. For the full sample, we find a price elasticity of expenditures for heating ranging from 0.577 to 0.672 across specifications, which is equivalent to a price elasticity of demand between −0.328 and −0.423. Additionally, we uncover evidence for significant heterogeneity in price responsiveness between household groups.
The remainder of this article has the following structure: Section 2 presents the methodology employed for our estimations and the dataset used, which we extend from a variety of sources. Section 3 discusses the results obtained in light of our main research questions. Firstly, we present the results for our main regressions on the full sample, which helps to explain the drivers of residential heating expenditures. Secondly, we investigate the heterogeneity of price responsiveness between household groups applying several methods. Section 4 concludes and suggests avenues for future research.
Data and Model

Data
We utilize data from the German Socio-Economic Panel (SOEP), a panel survey conducted yearly by the German Institute for Economic Research (DIW Berlin). Initiated in 1984, this survey uses questionnaires to gather representative micro-level data on German households regarding their economic, social, and demographic situation. 2
Each individual in the sample who is at least 17 years old is being questioned to assess individual characteristics including level of education, detailed job history, and political preferences. Furthermore, the household head fills out an additional questionnaire with questions regarding household-specific characteristics such as the size of the dwelling, appliance stock or the total household income. A separate set of survey questions is answered by the household head for each child living in the household.
Since one of the goals of the survey is to allow for long-term observations, the same participants are being interviewed every year. To mitigate attrition caused by interviewees opting out or passing away, and in order to maintain the representative nature of the survey, additional samples are being drawn irregularly, usually every three to five years. At the same time, people moving out of a sample household (e.g. due to divorce or children leaving their parents' home) remain in the sample as a new household. Non-sample people who move into a SOEP household are also included in all subsequent iterations of the survey. 3
For our study, we combine personal and household data, clustered at the household level.
Since not all of the variables of interest have been gathered since the beginning of the survey in 1986, we only investigate data from the period between 1996 and 2014. People residing in institutions such as retirement homes or student dormitories typically have no influence on how the heating system is operated. We therefore exclude these observations, which results in a main sample of 163,168 observations from 30,033 households in an unbalanced panel.
As the fuel type used for heating can only be observed for the waves of 1998 and 2003 of the sample, we do not include this variable in our estimations. Furthermore, the survey only monitors the expenditures of households for heating and hot water, but not their actual consumption or the prices they face. As a proxy for the price of space heating, we use the real consumer gas price, taken from BMWi (2016). 4 As of 2010, nearly half of all households in Germany use gas for heating (Federal Statistical Office, 2012) . Table 1 shows the relative shares of heating sources for German households in different years. Figure 1: Consumer fuel prices in Germany (1991 = 100) Figure 1 shows the price development of the most common residential heating fuels in Germany. After a period of stability between 1991 and 1999, heating fuel prices for consumers have increased sharply across energy carriers since 2000. Visual inspection indicates that prices are highly correlated. Expanding on this, Table 2 shows the correlation coefficients between the prices of the five main energy carriers used for heating in Germany for the years 1991 to 2013, with coefficients between 0.87 and 0.98. Including the prices for all five main energy carriers in our regression would therefore result in severe multicollinearity issues. Accordingly, we are confident in using consumer gas prices as our main variable for explaining the price of space heating. In an alternative specification, we also use a price index for energy instead of consumer gas prices in Eurocents as the price variable, which does not significantly affect the results.
We account for regional price variation in two ways: Firstly, we calculate the deviation (in percent) of state-level prices from the federal level for the years 2012-2014. 5 Due to the lack of state-level data for the rest of our observation period, we assume the differences between states in terms of price during these years to be constant and add or substract the previously calculated respective deviation for the individual states. Secondly, we include state dummies to account for any other variation in prices or other factors between the sixteen federal states in Germany, such as differences in regulatory schemes. For most households, the survey is being conducted in the first quarter of the year, and some of the questions relate to the year before. 6 Therefore, we add the consumer gas price from the previous year to our dataset (in 2010 terms). Table 3 presents an overview of the selection of variables that we use for our analysis.
Descriptive Statistics
The relevant descriptive statistics of our socio-demographic and technical variables can be seen in Tables 4 and 5 . For the person-related variables, we compute the mean of all adult members of the household. An alternative specification would be to only use the data of the household head. However, we assume that heating consumption decisions are usually not only made by the head of the household, but by all (adult) household members.
We include the variables on occupation (FULLTIME, PARTTIME, UNEMPLOYED and RETIRED) to assess whether they also influence expenditures, because some of these groups are likely to spend more hours at home, such as unemployed people (Longhi, 2015) . We use the share of all adult members in the household falling into that category, meaning that for any given household, values can range between 0 and 1. People can also fall into multiple categories if they occupied more than one role over the course of a given year. To account for differences in climate between federal states and years, we include the mean outdoor temperature in January in • C at the state level. Table 6 shows the correlations between selected variables. These correlation coefficients give us a first indication of possible inference between some of the variables. Notably, the expenditures variable shows a comparatively Log of yearly real heating expenditures per inhabitant, in e log(GASPRICE)
Log of real gas price, in Eurocents per kWh log(EPI)
Energy price index, 2010 = 100 log(INCOME)
Log of yearly real net household income, in e log(SPACE)
Log of size of dwelling, in square meters (1 m 2 = 10.76 ft 2 ) CONDITION Condition of home (in good condition, partial renovation, major renovation, ready for demolition), 1 or 0 NEW_WINDOWS 1 if new windows were installed in the previous year, 0 otherwise NEW_HEAT 1 if new heating system was installed in the previous year, 0 otherwise TYPE Type of building (farm house, single or double house, row/terrace house or duplex, building containing 3 to 4 dwellings, building containing 5 to 8 dwellings, building containing 9 or more dwellings, high rise building, other), 1 or 0 YEAR Vintage class of building (before 1919, 1919-1948, 1949-1971, 1972-1980, 1981-1990, 1991-2000, 2001-2010, 2011 The mean value for yearly real expenditures in our sample is e 1,228.96 with a median of e 1,082.74. Out of the households considered, 99% spend less than e 3,629.51 per year, or e 302.46 per month, on space heating.
Model
We assume households to maximize their utility from heating and to choose the amount of space heating consumed accordingly. Until 1998, the supply of gas to end consumers in Germany was organized in regional monopolies. Even after liberalization, the option to switch providers appears severely limited. In 2005, consumers who changed providers accounted for only 0.01% of total gas consumption. 8 In 2007, 0.8% of private gas consumers decided to switch their provider; in 2014, this ratio increased to 8.4% (BNetzA, 2015) . We therefore assume consumers to be price takers and prices to be exogenous. Given that expenditures are defined as a function of price and consumption, information on consumption choices can be derived by comparing changes in expenditures and prices.
In line with related recent literature (Meier and Rehdanz, 2010; Lange et al., 2014) , our model of heating expenditures has the form
with E i,t denoting the heating expenditures of household i at time t, P i,t the consumer gas price, T i,t the building characteristics, D i,t the socio-demographic and socio-economic variables, S i,t the state dummies, γ i the time-invariant household fixed effects, and i,t the error term. Prices, incomes, and expenditures are in 2010 terms.
We use a log-linear specification, regressing on the two measures of expenditures for heating that are most common in the literature: expenditures per square meter of living space and expenditures per capita. We do not equivalize per capita expenditures, meaning that we do not use weights to distinguish between different household members such as adults and children.
Conducting a Hausman test rejects the hypothesis that errors are uncorrelated with the regressors (Hausman, 1978) . Therefore, we employ fixed effects at the household level rather than random effects. We cluster several variables at the household level that are presumably time-invariant at the individual level, such as gender or level of education. Using the average for all adult members of the household for these variables instead of only considering the household head results in sufficient year-to-year variation in our sample due to individuals leaving or joining the household in question, rendering a fixed effects approach feasible.
In line with related studies (Baker et al., 1989; Meier and Rehdanz, 2010; Brounen et al., 2012; Lange et al., 2014) , we model conditional demand, meaning that we neither observe nor account for possible changes in the appliance stock of the individual household. Instead, we analyze energy behavior given the current equipment stock of the households. In contrast, other researchers have also employed discrete-continuous models, which include both the (discrete) demand for specific appliances and technologies and the (continuous) demand for energy to use them (Vaage, 2000; Nesbakken, 2001; Liao and Chang, 2002) . 9 While this approach potentially allows for a more realistic way to examine interconnected decisions of ownership and consumption, it also makes modeling more complex and requires more detailed data. The resulting elasticities from our estimations should therefore be considered as short term elasticities.
8 In the category households and small businesses consuming 300 MWh/year or less. Data from BNetzA (2006). 9 For a more general microeconomic discussion of the discrete-continuous framework, see Hanemann (1984) .
Results
Regression Results
In the first step of our analysis, we aim at finding determinants of energy expenditures among the technical, economic, and demographic variables at our disposal. Table 7 shows the results of our regression for four model specifications that differ in the dependent variable and in the price variable included. As our dependent variables, we use expenditures per square meter and expenditures per capita. To represent the price of heating, we utilize the consumer gas price in specifications (i) and (iii) and an energy price index in model specifications (ii) and (iv). 10 We include fixed effects at the household level, but find little variation in those effects across households. In model (i), the mean effect is 3.79 with a standard deviation of 0.42. The interquartile range is 0.49.
The price variable has a highly significant influence on expenditures, with values between 0.577 and 0.672. Since our dependent variable is heating expenditures and not heating energy consumption, a value of 1 would correspond to a situation of perfectly inelastic demand, whereas a value of 0 would mean that demand is perfectly elastic. Any value between 0 and 1 would imply relatively inelastic demand, which is the case in our analysis. Two other studies that are directly comparable, given that they also use heating expenditures as their dependent variable, find values between 0.33 and 0.65 for Germany (Rehdanz, 2007) and between 0.36 and 0.83 for Great Britain (Meier and Rehdanz, 2010) across different fuel types and model specifications. When we use a price index for energy instead of the gas price (specifications (ii) and (iv), denoted as EPI), the estimates for the price coefficient are slightly lower, while most of the other coefficient estimates are similar.
The elasticity with respect to expenditures can easily be approximated as a standard price elasticity using the following transformation:
where E denotes expenditures for heating, C is heating consumption, and p describes the price of heating. Accordingly, the corresponding price elasticity of heating demand in our estimations ranges from -0.33 to -0.42.
We find that income elasticity varies from 0.043 to 0.046 when considering heating expenditures per square meter, which is largely consistent with comparable studies. Brounen et al. 2012 report 0.055 for the Netherlands, while Meier and Rehdanz (2010) find values ranging from 0.009 to 0.037 for Great Britain using six different models. For Germany, Rehdanz (2007) finds elasticities between 0.010 and 0.095. For expenditures per capita, the income elasticity is negative in our estimations. Negative values are uncommon, but not unheard of (see e.g. Berkhout et al. 2004 ). Since we model conditional demand only, the results should be considered as short-term elasticities. In contrast, medium-and long-term income elasticities tend to be higher. Households with increased income are likely to move into larger homes over the medium term, which would increase their heating expenditures as well (Nesbakken, 1999) . Given that in Germany, access to sufficient heating is available to virtually anyone due to social assistance programs, it is not surprising that expenditures do not vary much with income. It appears likely that even low income households are able to fulfill their heating needs to a large extent. Furthermore, high income households presumably have access to better insulation and more efficient heating systems. This would limit their consumption (and therefore expenditures) even if these households were to seek a significantly higher level of thermal comfort. Since we cannot control for measures of efficiency directly, we expect that part of this effect is captured by the income variable, which might have slightly higher coefficients otherwise. We observe the self-assessed condition of the home, which we assume to be at least partially correlated with thermal efficiency. We find the mean household income of people living in a home with the highest condition rating (in good condition) to be 84% higher than for people living in a dwelling with the lowest level (ready for demolition). This appears to confirm our hypothesis that high income households have access to more energyefficient heating services. Overall, we can confirm that heating is a necessity, rather than a luxury good.
A larger living space corresponds with higher heating expenditures per capita. Naturally, a larger space requires more energy to be heated. Furthermore, in larger homes there are usually more separate rooms that need to be heated. 11 However, the cost per square meter decreases significantly with an increased dwelling size, which suggests the existence of economies of scale. Due to technical reasons, the type of building is also usually a relevant predictor for heating expenditures. For example, apartments in larger complexes typically require less heating than free standing homes due to excess heat diffusion from adjacent units. We can confirm these findings only for apartment buildings that contain nine or more dwellings, which are associated with lower expenditures. For other categories, however, we do not find significant effects. 12 We find expenditures to significantly increase with building age. Especially noteworthy is the massive decline in heating costs for buildings constructed since 2001, leading to expenditures that are between 28.7% and 31.8% lower compared to the base category. Numerous pieces of legislation that aim to improve the energy efficiency of newly built homes have been introduced over the last three decades, both at the EU and national levels. In Germany, the Energy Savings Ordinance, which was first introduced in 2001 and most recently amended in 2015, commands that all newly constructed buildings fulfill strict efficiency standards (BGBl, 2015) . Our results provide evidence for the effectiveness of these rules. However, assessing their economic efficiency would be beyond the scope of this work.
The number of inhabitants has a positive influence on expenditures per square meter, with adults having a slightly stronger effect than children. Per capita expenditures decrease by 27.1% to 33.0% per additional household member. The more people live in a household, the higher the chances are that at a specific time during the day, somebody is at home and consumes energy for heating. On the other hand, heating a specific room to a certain temperature requires roughly the same amount of energy regardless of the number of people present, which would explain the significant economies of scale. The evidence from other studies regarding children is mixed: while some researchers find that more children result in higher energy consumption (Hirst et al., 1982; Baker et al., 1989; Meier and Rehdanz, 2010) , others report a negative relationship (Rehdanz, 2007) . A third group finds the number of children to be insignificant (Nesbakken 1999; Vaage 2000) .
Ceteris paribus, homeowners spend slightly more on space heating than tenants. The commonly observed principal-agent problem (see e.g. Allcott and Greenstone 2012; Davis 2012; Gillingham et al. 2012; Levinson and Niemann 2004) for heating efficiency between landlords and tenants would suggest that renters spend more on heating than homeowners. 13 This does not appear to be the case in our data, which is in line with Meier and Rehdanz (2010) . Home ownership is highly correlated with the type of building one resides in. Namely, the rate of ownership for building types 1 to 3, which comprises farm houses and 1-to 2-family homes, is 76.1%. In contrast, for types 4 through 7, only 18.6% of residents are owners.
We observe that a larger share of female adults in the household increases expenditures for space heating. According to specifications (i) and (ii), the difference in magnitude between an all-male and an all-female household is roughly equivalent to an additional person living in the household. In the past, researchers in energy economics have seldomly discussed the role of gender in energy use, with the exception of the developing world (Clancy and Roehr, 2003) . For industrial countries, Elnakat and Gomez (2015) present one of the few studies that explicitly explore the role of women as household heads. Using survey data from the US, the authors find that female-dominated households use twice as much gas and 54% more electricity for heating than male-dominated homes. These differences persist at a significant, albeit smaller, level when controlling for dwelling size and other factors (Elnakat and Gomez, 2015) . Gender differences in preferences for warmth can also be explained biologically (Kim et al., 1998) .
The average age of occupants also has a small positive influence on expenses. Older people, especially once they reach retirement age, tend to spend more time at home than those with full time jobs, which would increase the need for heating. Other studies find the relationship between age and energy use to be non-linear: energy consumption generally increases with age, before declining again after a certain age threshold (Baker et al. 1989; Meier and Rehdanz 2010) . We include age squared in the model to test for this possibility. While the variable is significant in specifications (ii) and (iv), the coefficient is very low, indicating that potential non-linear effects are small. There is, however, some additional evidence for this exact relationship in our data: the RETIRED variable, which is highly correlated with average household age and significant in all specifications, has a negative sign. This suggests that expenditures do increase with age, but only up to a certain point, after which they decrease again.
We use the variable GREENS to proxy for environmental consciousness: it indicates the share of adult household members who stated that they support the German Green Party. About 7.5% of observations have at least one household member who reports supporting the Greens. As our results show, the variable has a significant negative influence on energy expenditures for all four model specifications. Only a small number of studies have explicitly incorporated households' environmental beliefs and attitudes in explaining energy use. While there is some evidence for a negative influence of high environmental conciousness and energy consumption (Sapci and Considine, 2014) , others find no significant correlation between expenditures and eco-friendly attitudes and beliefs (Lange et al., 2014) .
Regional climatic variation in Germany is relatively low compared to other countries. The mean temperature in January between 1990 and 2016 was 1.11 • C across German states, with a standard deviation of 2.33 • C. Still, climatic conditions are an important factor in heating demand, and a higher average temperature results in lower heating expenditures in our estimations. Additionally, we include state fixed effects to account for further heterogeneity between federal states in terms of climate, prices, and other factors. However, given the lack of significance for the majority of coefficients, these differences appear to be already captured by other variables in our models.
Evidence for Heterogeneity between Groups
In order to quantify the heterogeneity of the determinants of heating demand between different groups of consumers, we employ three distinct methods. Each of these allows us to uncover different facets of heterogeneity in our data: firstly, we utilize interaction terms between the log of the real gas price and seven other explaining variables to reveal differences in price responsiveness between different groups of consumers. Furthermore, we employ quantile regression to obtain information about the relationship between heating expenditures and fuel price at different quantiles of the distribution. Finally, we split the sample into groups of similar households across a number of characteristics using k-means clustering. For the sake of clarity and comparability with other studies in the literature, from now on we focus on the log of heating expenditures per m 2 (specification (i) from Table 7 ) as our dependent variable. Table 8 shows the results for a model specification that includes seven interaction terms. All the explaining variables from Table 7 are still included in the specification, but not all of them are shown in this table for the sake of brevity. All variables that are involved in interactions are mean-centered. We chose these particular interactions to investigate differences in price responsiveness between different socio-demographic groups.
Interaction Terms
The results show that higher income is associated with higher elasticity of heating expenditures, which corresponds to lower price elasticities in magnitude. Since this paper is the first to investigate this issue, comparisons with previous research are challenging. One comparable study is , who find similar results investigating the heterogeneity of rebound effects in residential space heating in Germany. For driving, evidence is mixed: Gillingham (2014) finds that wealthier households react more strongly to price increases, which is the exact opposite of what we find for heating. This can be explained by two factors: firstly, richer households may have more discretionary driving that can easily be avoided. Secondly, wealthy households are more likely to own multiple vehicles, which allows them to switch to the more fuel efficient one when prices increase (Gillingham, 2014) . In space heating, these two phenomena seem less relevant. The potential for fuel switching is low, especially in the short term (which is what we consider here), due to the significant costs of installing a new heating system. Discretionary consumption also appears to be less of an issue in heating than in driving: taking into account that the price of heating is relatively low compared to overall income especially for high income consumers, it appears likely that these households simply consume as much heating as they desire, with little regard to costs. Since heating costs represent a more significant share of expenditures for low income households, it seems reasonable to conclude that they pay more attention to price increases for heating, and react more strongly to those increases as a consequence.
The demographic interactions are not statistically significant, indicating that price elasticities do not vary substantially with gender, environmental consciousness, and number of household 0.100 * * * (0.020) log(GASPRICE) * ADULTS 0.010 (0.015) log(GASPRICE) * CHILDREN 0.007 (0.012) log(GASPRICE) * OWNER 0.195 * * * (0.021) log(GASPRICE) * GENDER 0.022 (0.038) log(GASPRICE) * AGE −0.001 (0.001) log(GASPRICE) * GREENS 0. Notes: * * * , * * , and * indicate significance at the 0.01, 0.05, and 0.10 levels, respectively. Clustered robust standard errors in parentheses. Column (ii) reproduces column (i) from Table 7 for comparison.
members. While our analysis in section 3.1 shows that male-dominated households spend less on heating than those with more female inhabitants, there is no significant difference between men and women regarding their price elasticity. In contrast, the interaction between price and owner is statistically significant and relatively large in magnitude. Specifically, homeowners react less strongly to price changes than renters. This effect, which also confirms previous findings by , might be driven at least partially by the fact that homeowners usually have higher incomes than tenants.
Quantile Regression
To uncover additional details about our sample, we employ a quantile regression approach, again regressing on the logarithm of heating expenditures per square meter of living space. While standard OLS regressions estimate the conditional mean of the distribution, quantile regression allows us to derive coefficients at different quantiles of the distribution of the dependent variable (Koenker and Bassett, 1978) . Therefore, we can discover whether households who spend more on heating react differently to price changes compared to those who consume less. Making use of the panel structure of our data, we also include household fixed effects following the methodology laid out in Koenker (2004) . Table 9 shows the results for the quantile regression at the 0.1, 0.3, 0.5, 0.7, and 0.9 quantiles of logged heating expenditures per m 2 of living space. 
log ( While most of our coefficients are highly statistically significant, they are also relatively stable between quantiles. Notably, additional income raises expenditures slightly less for households that already spend comparatively high amounts on space heating. Similarly to previous works that found the same result for driving (Wadud et al., 2010; Gillingham, 2014) , this might be due to the fact that those households already achieve their preferred level of thermal comfort. Subsequently, they do not increase their consumption as much when their income increases, compared to households that spend less on space heating in the first place.
When comparing the price elasticities at the different quantiles, the price response is slightly weaker for households that are in the highest decile in terms of expenditures. The coefficient at the median, depicted in model (iii), is very close to the mean result when compared to specification (i) from table 7 (0.621 as opposed to 0.629). The results show that many of the coefficients are smaller in magnitude at the higher end of the distribution, with some of them becoming statistically insignificant as well. This is compensated by a larger intercept for the higher quantiles. Our finding suggests that households at higher quantiles spend more due to factors that we do not observe, which are then captured by higher coefficients for the fixed effects at the household level. In contrast with our previous results, we find that homeowners spend less on heating in this specification, compared to renters.
Means Clustering
Means clustering is a statistical technique to separate data into groups of similar observations (Forgy, 1965) . Specifically, k-means clustering splits the n observations in the data set into k groups. The researcher chooses the number of groups and the variables on which to cluster. Initial group means are chosen at random. Then, observations are assigned to those groups in order to minimize the sum of squared differences between every observation and the nearest mean. Usually, the Euclidean distance is used as the measure for the sum of squares. Afterwards, new group means are chosen, if necessary. Observations are then reassigned to different clusters if it improves the solution. This process is iterated until a stable equilibrium is reached.
In principle, any combination of variables can be used to cluster. For this analysis, we utilize age and income as two of the main indicators by which households are often classified into socio-economic groups. Before clustering, we z-standardize both variables. Since the clustering uses the Euclidean distance between observations, variables with higher variation have a stronger impact on group composition. In our case, the clustering would be almost entirely driven by variation in income if we did not standardize the variables. Generally, a higher number of groups allows for more exact clustering as it reduces the sum of squared differences in the sample. On the other hand, having too many groups can result in group sizes that are too small for meaningful estimations. As a compromise between these factors, we use five groups. After assigning each observation to a group, we proceed using the nonstandardized values for income and age for clarity and comparability. The summary statistics for the groups are reported in Table 10 . Even after z-standardizing income and age, there is still one group comprised of high income households that is significantly smaller than the other ones. Table 11 shows the results for our preferred specification, estimated separately for the five subgroups. Groups 1 to 3 are similar in income, but differ substantially in average household age. The estimated coefficients for the price variable range from 0.519 to 0.567 for these groups, while it is significantly higher for group 4. These values correspond to price elasticities between −0.283 and −0.477 for the four groups. It appears that group 5 is too small to derive any meaningful results; for the sake of completeness, we still include it in our table. 
Robustness of Results
In order to cross-check confirm the significance of our results, we perform a variety of robustness checks. We focus on specification (i) from Table 7 , regressing on heating expenditures per m 2 . Following, among others, Gillingham (2014) , we estimate the base model from Table 7 with linear specification for expenditures, income, and price to rule out possible misspecification. Our coefficients state that a price increase of 1 Eurocent increases yearly heating expenditures per m 2 by e1.36. Given the mean natural gas price and heating expenditures, this implies a price elasticity of heating expenditures of 0.646. Considering that this value is similar to the original coefficient depicted in Table 7 (0.629), we conclude that there is no problem of misspecification due to the log-log nature of our model. 74.7% of our observations originate from households living in West Germany. While this distribution is roughly representative for the population in Germany, it is conceivable that our results so far are mostly driven by observations from West Germany. Table 12 shows the results for spearate regressions for households from West and East Germany. As one main result, the price coefficient is 0.664 for West Germany and 0.544 for East Germany (including Berlin), which corresponds to price elasticities of −0.336 and −0.456, respectively. Other differences include the OWNER variable, which is only significant in the east, and GENDER, which is only significant in West Germany. On the other hand, the effects of building vintage, household income, gender, and number of people in the household are similar between regions. 
Conclusions and Outlook
In this study, we investigate possible determinants of space heating expenditures for households via a fixed effects framework. We put the emphasis on including social characteristics which, in this research area, are not as well explored as technical variables. Our analysis yields evidence that both technical variables, most notably building age and dwelling size, as well as some socio-demographic aspects, especially income, age, and gender, are important factors for explaining household expenditures for heating.
In addition, our analysis provides empirical evidence for the existence of some heterogeneity between socio-economic groups. Most notably, wealthier occupants react less strongly to price changes than those with lower incomes. For other demographic variables such as gender and number of household members, however, we find no evidence for differences in price responsiveness. On the other hand, the quantile regression approach shows that the absolute differences in price responsiveness are relatively low between groups across the distribution, which is also true for the other influencing variables that we considered.
Our results have implications for policy makers who attempt to target consumer behavior. The data indicate that consumer reactions to certain policy measures, such as mandatory efficiency standards or subsidies for retrofitting homes, would create divergent results for different groups of consumers. Subsequently, tailoring programs to specific groups might be a better choice than uniform legislation for the entire population. For example, the effectiveness of price-based measures, such as Pigouvian taxation of energy use, critically depends on the magnitude of the price response, which our results show to vary significantly between groups.
We find clear evidence that stricter energy efficiency standards for new buildings have a significant negative impact on heating expenditures, which appears to make this a very effective measure. However, we can not allude to its efficiency, given that we cannot observe the exact building quality, and neither the costs that are incurred as a result. Furthermore, we do not observe the counterfactual scenario of having no building standards, since the additional savings might also stem from endogenous technological progress.
While some effects are hard to mitigate by policy alone, they should still be taken into account when projecting future energy demand. For instance, we find that there are sizable economies of scale in terms of the number of inhabitants of a dwelling. This means that the rising number of single-person households could result in an unexpected increase in overall energy consumption if those effects are not taken into account. While policy measures that coerce people into living in multi-person households seem hardly feasible, this phenomenon should nevertheless be considered when projecting future energy use. Furthermore, our analysis shows that single-person households show the strongest price reactions, which would increase the effectiveness of price-based measures for this particular group. On the other hand, the current trend towards urbanization, which leads to more multi-unit homes and apartment buildings instead of free standing homes, can result in the opposite effect and decrease total energy use. More generally, our results show the complex nature of both the determinants of space heating consumption itself as well as the interaction between price reaction and other factors.
There are several avenues for future research that arise from this work. Utilizing actual energy consumption data as well as observing the fuel type and heating system used by households would likely yield additional insights and allow to compare our results more easily with other studies that investigate household demand for energy. Another possible extension would be the estimation of welfare effects for price changes as well as different policy measures that directly or indirectly influence energy prices. More detailed data regarding the insulation of homes as well as the efficiency of the heating systems used could also be valuable, for example in trying to estimate direct rebound effects in space heating.
